Abstract Sedimentation is a major issue in juice production. This paper aims to study the mechanisms of precipitate formation during the storage of cloudy litchi juice. The sediment concentration, relative turbidity, and f potential were analyzed. The supernatant and sediment were separated to determine the contents of proteins and phenolics. The results showed that the amount of sediment increased during the storage. In addition, the total protein and total phenolic content in the supernatant decreased, whereas the glutelin and total phenolic contents in the sediment increased significantly (p \ 0.05). Moreover, our results showed that the amounts of procyanidin B 2 and quercetin-3-O-rutinose-7-O-rhamnoside in the supernatant decreased noticeably. However, these two substances could not be detected in the sediment. In summary, the formation of sediment from litchi juice is mainly caused by the slow denaturation of proteins and the oxidation of procyanidin B 2 and quercetin-3-O-rutinose-7-O-rhamnoside.
Introduction
The litchi fruit (Litchi chinensis Sonn.) originates from China and is now widely cultivated around the world in areas with a warm climate . As a tropical fruit, litchi has bright-red peel, translucent creamy flesh, a unique flavor, and nutritional ingredients (Zhang et al., 2015) . Studies have shown that litchi flesh is rich in bioactive compounds such as polyphenols (Brat et al., 2006) , which have good antioxidant, anti-radiation, liver protection, and other biological properties (Bhoopat et al., 2011; Khan et al., 2009; Saxena et al., 2011) . However, as a result of high temperature and concentrated harvest period, the fruits are highly perishable and the peel is easily browned, which results in preservation difficulties and a decline in quality during storage (Jiang et al., 2004) . The processing of litchi fruits into cloudy juice not only solves the problem of litchi preservation but also improves the commercial value.
Compared with clear fruit juice, cloudy juice has a more realistic taste and flavor, which is very popular with consumers and has broad market potential (Grimi et al., 2011) . Due to its complexity, the cloudy juice system is extremely unstable during storage and it easily browns, delaminates, and precipitates (Millet et al., 2017) . Although these phenomena have no effect on the flavor of the juice, the product can still be rejected by some customers. Studies have shown that phenolics and proteins are the main substances that cause the turbidity of clear fruit juice and wine (Esteruelas et al., 2011; Millet et al., 2017) . However, few studies have been reported on the sediments of cloudy juice. Phenolic compounds are unstable and usually oxidized during the storage process. Quinone compounds, the oxidation products of phenolics, are highly electrophilic and may lead to the formation of aggregates and a decrease in solubility (Liu et al., 2014; Sun et al., 2013; Vernhet et al., 2014) . Studies have also shown that the native phenolic compounds are not involved in turbidity but that their oxidized products aggregate or combine with proteins (Millet et al., 2017) . Esteruelas et al. (2011) investigated the sediment of grape wine and found that the slow denaturation of proteins led to aggregation and flocculation, which eventually resulted in sediment. Millet et al. (2017) studied haze composition in three apple-based beverages and found that the main components were polyphenols and proteins. Although the complex mixture of proteins and polyphenols is soluble, it keeps changing until it cannot be dissolved, which eventually results in haze (Siebert, 2006) .
Our previous studies showed that the precipitation phenomenon was prone to occur in cloudy litchi juice. We determined the sediment composition and observed that the crude protein content accounted for 23.7% of the dry substances, whereas the total phenolic content accounted for 1.3%. It was suggested that protein-polyphenol interactions were involved in haze and sediment formation in juice and wine (Esteruelas et al., 2011; Millet et al., 2017) . The proteins and polyphenols of sediment in litchi juice may come from the soluble proteins and polyphenols. In order to investigate the mechanism of formation of cloudy litchi juice sediment, we have analyzed the changes in proteins and polyphenols in cloudy litchi juice at different storage temperatures.
Materials and methods

Chemical reagents and standards
The standard compounds of Epicatechin, procyanidin B 2 , quercetin, rutin, isorhamnetin-3-O-rutanoside, and kaempferol-3-O-rutanoside were purchased from Sigma-Aldrich (St. Louis, MO, USA). Mass spectrometry (MS)-grade acetonitrile and acetic acid were supplied by Merck (Darmstadt, Germany). Water for high-performance liquid chromatography (HPLC) and MS was purified using a Milli-Q system (Integral 10, Millipore, Bedford, MA, USA). The Folin-Ciocalteu reagent was purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). All other chemicals were of analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Preparation of litchi juice
Ripe red litchi fruits of cv. 'Huaizhi' were harvested from an orchard in Guangzhou, China. The pericarp and seed were removed, and the pulp was crushed and filtered through a 74 lm filter cloth. The filtrate was sterilized (95°C, 1 min), poured into glass bottles under sterile conditions, and stored at 4°C or 25°C for 10 weeks.
Determination of sediment concentration
At the point of storage, six bottles of juice were removed. After centrifugation at 42009g for 15 min, the sediment was collected and freeze dried. Then, the lyophilized powder was weighed and the concentration of sediment was expressed in mg/L.
Determination of relative turbidity
Cloudy litchi juice was centrifuged at 42009g for 15 min at room temperature. Then, the supernatant was separated, and its absorbance was measured at 660 nm in a spectrophotometer (UV1800, Shimadzu, Kyoto, Japan). The relative turbidity (s super /s total ) was expressed as the percentage of the absorbance value of supernatant after centrifugation to the absorbance value of the juice sample before centrifugation (Schultz et al., 2014) .
Determination of f potential
The f potential is the potential located at the electrical double layer of charged particles, which reflects the stability of a suspension. The f potential was measured by using a Zetasizer Nano instrument (ZS90, Malvern, Worcestershire, UK) with a 1 cm polystyrene colorimetric cell and a pair of 0.45 cm 2 platinum electrodes at 0.4 cm distance. The determination was carried out at 25°C. The results were calculated according to the Smoluchowski equation, f = el/g, in which e is the dielectric constant of the solution, l is the electrophoretic mobility of the particles in the presence of an electric field, and g is the viscosity of the solution (Schultz et al., 2014) .
Analysis of protein content Determination of total protein content in the supernatant
The soluble total protein in the supernatant was determined by using the Coomassie Brilliant Blue method (Bradford, 1976; Grintzalis et al., 2015) , which has sensitivity limit of 1 lg/mL. Bovine serum albumin (BSA) was used as the standard, and quantitative analysis was performed by the external standard method.
Determination of total protein content in the sediment
The Osborne fractionation method was used to extract the proteins from the sediment (Horax et al., 2010; Osborne, 1924) . Briefly, 0.5 g of sediment was mixed with 10 mL of water. After the mixture had been magnetically stirred for 2 h and centrifuged at 10,0009g for 25 min at 4°C, the supernatant (albumin) was collected. The residue was mixed with 10 mL of 1 mol/L NaCl solution. After the mixture had been magnetically stirred for 2 h and centrifuged at 10,0009g for 25 min at 4°C, the supernatant (globulin) was collected. The residue was then mixed with 10 mL of 70% ethanol. After the mixture had been magnetically stirred for 2 h and centrifuged at 10,0009g for 25 min at 4°C, the supernatant (gliadin) was collected. Finally, 10 mL of 0.1 mol/L NaOH solution was added to the remaining residue. After the mixture had been magnetically stirred for 2 h and centrifuged at 10,0009g for 25 min at 4°C, the supernatant (glutelin) was collected. The protein content of each fraction was determined by the Coomassie Brilliant Blue method. The result was expressed as mg/L litchi juice.
Extraction of free phenolics and bound phenolics
The extraction of free phenolics was performed according to the method of Sun et al. (2002) with some modification. Briefly, 30 mL of supernatant was added to 60 mL of 80% ethanol. The sample was sonicated at 30°C for 10 min and then centrifuged at 45009g for 10 min; the supernatant was collected. The sediment was then extracted twice with 80% ethanol. The extracts were combined and concentrated with a rotary evaporator. The concentrate was placed into a Sep-Pak C18 cartridge (Waters, Milford, MA, USA) and eluted sequentially with water and methanol. The methanol eluent was collected. It was concentrated under vacuum, freeze dried, and then dissolved in 2 mL of 80% methanol. The extraction of bound phenolics was carried out according to the method of Tang et al. (2016) . Sediment (0.1 g) was mixed with 10 mL of 2 mol/L HCl. The mixture was incubated at 85°C for 1 h and then adjusted to pH 2.0 with 10 mol/L NaOH. After that, the extract was centrifuged at 60009g for 5 min. The supernatant was extracted six times with ethyl acetate/diethyl ether (1:1, v/v). The combined extracts were then concentrated under vacuum, freeze dried, and dissolved in 2 mL of 80% methanol.
Determination of total phenolic content
The total phenolic content was determined according to the Folin-Ciocalteu method as described previously (Zou et al., 2017) . Specifically, 1 mL of an appropriately diluted sample was mixed with 2.0 mL of Folin-Ciocalteu solution. The mixture was left to stand for 5 min. Then, 2.0 mL of 10% (m/v) Na 2 CO 3 solution was added, and the solution was allowed to stand at 25°C in the dark for 1 h. The absorbance was measured at 760 nm. Gallic acid was used as the standard, and the total phenolic content of the sample was expressed as gallic acid equivalents (GAE).
Qualitative and quantitative analysis of polyphenols
The identification of polyphenols was performed by HPLC (LC-20AT, Shimadzu, Kyoto, Japan) coupled to electrospray ionization-tandem mass spectrometry (5600, SCIEX, Concord, Ontario, Canada) (HPLC-ESI-MS/MS). The column was a WondaSil C18 (250 9 4.6 mm, 5 lm), and the mobile phase consisted of 0.4% acetic acid solution (A) and acetonitrile (B). Gradient elution was applied as follows: 0-40 min for 5% B to 25% B, 40-45 min for 25% B to 35% B, and 45-50 min for 35% B to 50% B. The column temperature was 30°C, flow rate was 1 mL/min, and detection wavelength was 200-700 nm . ESI was used as the ion source with negative-ion mode. The capillary voltage was 4.5 kV, atomizer pressure was 1.5 bar, and mass spectrometry (m/z) range was 100-1000. The polyphenol content was determined by HPLC (LC-20AT, Shimadzu). Epicatechin, procyanidin B 2 , rutin, and isorhamnetin-3-O-rutanoside were quantified by using the corresponding standards. Due to the lack of commercial standards, quercetin-3-O-rutinose-7-O-rhamnoside, kaempferol-3-O-rutinose-7-O-rhamnoside, and isorhamnetin-3-O-rutanoside-7-O-rhamnoside were quantitated by using quercetin, kaempferol-3-O-rutanoside, and isorhamnetin-3-O-rutanoside, respectively.
Data analysis
The results were expressed as mean ± standard deviation, and the data were analyzed by using Tukey's multiple range of ANOVA with SPSS 18.0 (Chicago, IL, USA). The statistical significance was defined at p \ 0.05.
Results and discussion
Changes in stability of cloudy litchi juice during storage
As shown in Fig. 1A , the sediment concentration of cloudy litchi juice during the storage process increased gradually. In the first 8 weeks, the sediment from the litchi juice stored at 25°C was significantly (p \ 0.05) higher than that stored at 4°C. After 9 weeks of storage, the sediment concentrations of the two samples were similar, and the value increased to 7900 mg/L. In general, the higher the temperature, the faster the sedimentation occurred in the juice. In addition, during the storage process, some of the soluble compounds transformed into insoluble compounds. Our results are consistent with the results of Kolniak-Ostek et al. (2014) , who reported that the content of insoluble substances in cloudy apple juice kept increasing during the first 4 months of storage.
Relative turbidity is one of the important indicators for characterizing the cloud stability of fruit juice (Schultz et al., 2014) . It was reported that relative turbidity was sensitive to the extent of flocculation within the cloud (Schultz et al., 2014) . Our results showed that the relative turbidity increased significantly (p \ 0.05), indicating that the supernatant of cloudy litchi juice became more stable as the storage time increased. This is attributed to haze formation during the storage. Our results are consistent with previous reports of cloudy apple juice (Oszmiański et al., 2009) .
The f potential can be used to characterize the charge properties of the particle surfaces in the solution, which is also an important indicator of the juice system (Genovese and Lozano, 2001 ). The greater the absolute value of the f potential, the stronger the surface charge and the lower the tendency for aggregation between particles (Genovese and Lozano, 2001; Schultz et al., 2014) . In general, particles with the absolute value of f potential greater than 30 mV are considered stable (Genovese and Lozano, 2001) . It has been reported that the f potential of apple juice is -19 to -20 mV (Genovese and Lozano, 2001 ) and the potential of orange juice is -23 mV (Croak and Corredig, 2006) . Our study showed that the initial value of the f potential of litchi juice was only -2.4 mV, which indicated that the surface charge of the particles in the system was small and the repulsion between the particles was weak. Therefore, the aggregation would occur easily in litchi juice. After 10 weeks of storage at 4°C and 25°C, the f potential of cloudy litchi juice decreased to -11.2 mA and -10.9 mA, respectively (Fig. 1C) . This is consistent with the results of Mollov et al. (2006) , who reported that the surface charge on the surface of the particles in apple juice increased after refrigeration. These changes may be due to adsorption of free hydroxyl groups by macromolecules such as proteins in the juice.
Changes in protein content during the storage of cloudy litchi juice
The stability of juice does not correlate well with the protein concentration, because individual proteins have different properties (Esteruelas et al., 2009 ). The research of Hsu and Heatherbell (1987) indicated that unstable proteins usually possess lower isoelectric points (4.1-5.8) and smaller relative molecular masses (13-30 kDa). We first analyzed the changes in the total protein content in the supernatant of cloudy litchi juice during storage at 4°C and 25°C (Fig. 2) . Within the first 4 weeks of storage at 4°C, the protein content decreased rapidly, with a decreasing amplitude of 39.7%; this was followed by a slow declining trend. At 25°C, the protein content in the supernatant decreased significantly (p \ 0.05) in the first 3 weeks (45.2%), and then decreased slowly. Compared with that at 4°C, the decreasing amplitude of protein was greater at 25°C. The above results show that the changes in the protein content in the supernatant are negatively correlated with the sediment concentration. Thus, it can be speculated that the proteins in the supernatant are involved in the formation of the sediments. Subsequently, we extracted the proteins in the sediment by the Osborne fractionation method (Horax et al., 2010; Osborne, 1924) . According to Osborne classification, proteins are divided into 4 classes based on solubility. Albumin is soluble in water, globulin is soluble in salt solution, gliadin is soluble in 70-90% alcohol, and glutelin is (Horax et al., 2010; Osborne, 1924) . The changes in the contents of different protein fractions are shown in Fig. 2 . Under storage at 4°C and 25°C, the content of glutelin was much higher than those of the other three proteins, among which the content of globulin was the lowest. Under storage conditions of 4°C, albumin did not change significantly (p [ 0.05), whereas the other three proteins showed an increasing trend. Glutelin showed the greatest change, and its content increased from 32.2 to 70.0 mg/L. Under storage at 25°C, the change trends of albumin, gliadin, and glutelin in the sediment were the same as those at 4°C, and globulin showed a decrement in the first 5 weeks followed by an increase after 6 weeks. Compared with 4°C, the contents of albumin and globulin at 25°C were slightly lower, whereas the contents of gliadin and glutelin were slightly higher.
The above results indicate that the supernatant mainly contained albumin. With prolongation of the storage time, the solubility of albumin gradually reduced, which resulted in the formation of sediment. At present, the changes in protein contents of different fractions during fruit juice storage have not been reported. Some literature has suggested that the role of proteins in the formation of turbidity in grape wine has two stages (Van Sluyter et al., 2015) . In the first stage, the folded proteins are unfolded, whereas in the second stage, the unfolded proteins aggregated and the haze was formed (Van Sluyter et al., 2015) . During the storage of cloudy litchi juice, the folded albumin was unfolded, and it subsequently aggregated and precipitated from the juice system, to form the sediment. Temperature has a great impact on protein unfolding: the higher the temperature, the easier the unfolding (Van Sluyter et al., 2015) . In addition, proteins in litchi juice may combine with other substances, such as polyphenols and polysaccharides, and thus form the sediment. It was reported that glutamate was the main amino acid of cloudy proteins in beer (Siebert, 2009) and apple-based beverages (Millet et al., 2017) . However, the amino acid composition of different protein fractions remains to be studied further.
Changes in phenolic compounds during the storage of cloudy litchi juice
The changes in the total phenolic content in the supernatant are shown in Fig. 3A . In the first week, the total phenolic contents decreased sharply, with decreasing amplitudes of 41.1% and 49.7% at 4°C and 25°C, respectively. After 10 weeks, the total phenolic contents decreased by 85.1 mg/L and 45.0 mg/L, respectively. In contrast, the total phenolic contents in the sediment increased first and then decreased. Ten weeks later, the contents in the sediment increased by 2.75 mg/L and 1.61 mg/L, respectively; these values were much lower than the decreased amounts of the total phenolic compounds in the supernatant. The above results indicate that polyphenols may be involved in the sediment formation of cloudy litchi juice. As the determination of the total phenolic content by the FolinCiocalteu method is based on a redox reaction, the reducing sugars, amino acids, proteins, and vitamin C in cloudy litchi juice influence the results (Millet et al., 2017) . In addition, the chromogenic degrees are not the same for different phenolic compounds and the reduction capacity of oxidized polyphenols is weakened, which leads to the lower result values (Millet et al., 2017) . This eventually results in the decreasing amount of total phenolic content in the supernatant being much higher than the increasing amount in the sediment.
In order to investigate which phenolic compounds play major roles in the formation of the sediment, the structures of the polyphenols in cloudy litchi juice were analyzed by HPLC-ESI-MS/MS. As shown in Table 1 , 7 phenolic compounds were identified, 4 of which were epicatechin, procyanidin B 2 , quercetin-3-O-rutinose-7-O-rhamnoside, and rutin, shown as peak 1, peak 2, peak 3, and peak 6, respectively. Peak 4 shows a molecular ion [M] -at m/ z 739, that has a fragment at m/z 593 that was obtained by loss of a rhamnose moiety [M-146] -. The fragment at m/ z 285, which matches a kaempferol monomeric ion, was obtained by loss of rhamnose and rutinose moieties [M-146-146-162] -. Thus, this compound can be putatively identified as kaempferol-3-O-rutinose-7-O-rhamnoside. Peak 5 shows a molecular ion at m/z 769 and a fragment at m/z 623, corresponding to the loss of a rhamnose moiety [M-146] -. The fragment at m/z 315, corresponding to isorhamnetin, was obtained from the loss of rhamnose and rutinose moieties [M-146-146-162] -. Thus, this compound can be putatively identified as isorhamnetin-3-O-rutinose-7-O-rhamnoside. The compound with a molecular ion at m/ z 623 and a fragment at m/z 315 was putatively identified as isorhamnetin-3-O-rutanoside.
As shown in Table 2 , quercetin-3-O-rutinose-7-Orhamnoside is the main phenolic compound in cloudy litchi juice, accounting for 55.3% of the total phenolics determined by HPLC. This phenolic compound decreased by 15.8% after the first week at 4°C and then remained stable, whereas, it decreased gradually during the first 4 weeks at 25°C. The highest decline was observed for procyanidin B 2 , which decreased by 53.5% and 54.4% at 4°C and 25°C, respectively. Relatively, kaempferol-3-O-rutinose-7-O-rhamnoside and isorhamnetin-3-O-rutinose-7-Orhamnoside were more stable. Therefore, it can be speculated that, among the polyphenols, procyanidin B 2 and quercetin-3-O-rutinose-7-O-rhamnoside are the main phenolic compounds that cause the sediment of cloudy litchi juice. Numerous studies have shown that the stability of polyphenols is related to the number of hydroxyl groups, degree of polymerization, and molecular weight (Esteruelas et al., 2011; Millet et al., 2017; Siebert, 2009 ). More galloyl groups, hydroxyl groups, and a higher degree of polymerization make polyphenols combine with proteins more easily (Zhu et al., 2018) . In our study, the decreased amount of procyanidin B 2 was markedly higher than that of (?)-catechin, which is consistent with the previous reports (Millet et al., 2017) . During the storage of litchi juice, polyphenols may combine with proteins to form polymers and precipitate.
According to the work of Millet et al. (2017) , procyanidin accounted for 59-96% of the total phenolics in hazes of apple-based beverages. In order to verify the direct participation of procyanidin B 2 and quercetin-3-Orutinose-7-O-rhamnoside in the formation of the sediment, the phenolic compounds in the sediment were analyzed. Unfortunately, regardless of whether acid degradation or phloroglucinol degradation was used, neither procyanidin B 2 nor quercetin-rutinose-rhamnoside could be detected in the sediment, and neither could the monomer compounds (?)-catechin and quercetin. These results suggest that procyanidin B 2 and quercetin-3-O-rutinose-7-O-rhamnoside may be oxidized during storage, and thus, they cannot be detected by HPLC-DAD-MS. The study of Millet et al. (2017) also indicated that oxidized polyphenols were difficult to detect by HPLC-DAD-MS. In the following work, we will study the changes of these two polyphenols in a juice model system.
In this paper, changes in sediment amount, f potential, proteins, and polyphenols in cloudy litchi juice during storage were investigated. The results showed that the sediment amount of cloudy litchi juice increased gradually, whereas the total protein content in the supernatant decreased. The glutelin content in the sediment was much higher than that of other protein components and showed an increasing trend. The total content of phenolics in the supernatant decreased. In addition, the greatest declines were observed in the contents of procyanidin B 2 and quercetin-3-O-rutinose-7-O-rhamnoside. However, an increase in the total phenol content in the sediment was observed. Taken together, it was speculated that, during the storage process, the denaturation of soluble proteins slowly occurred in the cloudy litchi juice with a gradual transformation into insoluble glutelin, which leads to the formation of sediment. In addition, the oxidation and aggregation of procyanidin B 2 and quercetin-3-O-rutinose-7-O-rhamnoside may also be involved in the formation of the sediment. The properties and structures of different protein fractions, as well as the structures of the phenolic compounds in the sediment, need to be further studied.
